The predominant acid mucopolysaccharides found in selected epithelial mammary tumors of dogs stained with alcian blue and were labile to hyaluronidase digestion. These histochemical characteristics identified them as hyaluronic acid, chondroitin-4-and chondroitin-6-sulfate. The intensity of the staining of these acid mucopolysaccharides varied in a transitionary process from a precartilaginous to a pseudocartilaginous intercellular matrix to mature hyaline cartilage.
Considerable controversy exists over the origins of the cartilage and bone in the epithelial mammary tumors of the female dog. Although various theories have been proposed [3, 21, 22, 29, 401, none is conclusive. Several mechanisms, some overlapping, may be involved. This investigation was prompted by a need to further characterize the origin of the acid mucopolysaccharides found in various types of canine epithelial tumors. The histochemical classification system we used [4] categorized all naturally occurring polysaccharides. We became concerned, however, with establishing the identity of the individual anionic heteroglycans (acid mucopolysaccharides) and glycoproteins. Although the terms glycosaminoglycan and glycosaminoglucuronoglycan have gained some popularity, the term mucopolysaccharide retains a favorable position in the biological literature and is preferred by the histochemist and pathologist. Therefore, this latter term is used collectively when referring to these polysaccharideprotein complexes.
There are few histochemical studies of cartilage and bone of various tumors in man and animals [9, 13, 18, 271. A study of the mucins of salivary gland tumors showed that acid glycosaminoglycans identical to those produced by normal mesenchymal tissues are the major components of the ground substance [30] . No evidence was found to indicate that the epithelium or myoepithelium either contributed to or transformed into cells capable of producing glycosaminoglycans. Investigators also have reported that the luminal epithelial mucins in the mammary gland are composed of the glycoprotein sialomucin [35] and no acid glycosaminoglycans could be demonstrated. A histochemical study has been made [33] of mucosubstances of endometrial and cervical adenocarcinomas and no acid mucopolysaccharides were demonstrated.
Most studies on the role of myoepithelial cells in the formation of cartilage in epithelial tumors of the mammary and salivary glands have used electron microscopy [ 15, [23] [24] [25] 29, 39] . Although there is supportive evidence, the difficulty in recognizing the myoepithelial cell with certainty continues to be controversial [ 10, 261 . Even the use of enzyme differentiation, including alkaline phosphatase and adenosine triphosphatase procedures, have not provided conclusive evidence [ l , 16, 23, 32, 371 . Electron microscopy in this study was limited to the evaluation of early cartilaginous changes in an attempt to identify the cell(s) producing the abundant acid mucopolysaccharide.
Materials and Methods
Thirty-four tumors were studied: 31 from the Tulsa Registry of Canine and Feline Neoplasms and three from the Oklahoma State University Small Animal Clinic (table I) . All tumors occurred naturally and included representive growth patterns for ductal carcinomas, lobular carcinomas, intraductal carcinomas, adenomas and papillomas. Tumors were classified according to a previous report [20] . Each tumor selected had at least one area of fibrous, cartilaginous or boney change. Electron microscopic studies of representative areas of transformation to a precartilage and pseudocartilage matrix were included for additional correlation.
For light microscopic and histochemical studies, tissues were fixed in 10% phosphate buffered neutral formalin, embedded in Paraplast@ (Scientific Products, McGaw Park, Ill.) and sectioned at 4 to 6 micrometers. For morphological evaluation, sections were stained with Harris' hematoxylin and eosin (HE) and Elbadawa's hexachrome [7] . Alcian blue-peroidic acid-Schiff (AB-PAS) was used for initial mucopolysaccharide localization. All histochemical and histological procedures except the hexachrome staining were done according to Culling [4] . On selected tumors the following additional procedures were used: periodic acid-Schiff (PAS) with and without prior digestion in diastase (Sigma, St. Louis, Mo.); alcian blue (pH 2.5) nuclear fast red with and without prior digestion in bovine testicular hyaluronidase acid-phenyl-hydrazine-Schiff; alcian blue (pH 1.0) nuclear fast red; and alcian blue (pH 2.5) aldehyde fuchsin.
The neuraminidase digestion was enchanced by treatment with I% potassium hydroxide in 70% ethanol. Acid hydrolysis sometimes was used in place of the neuraminidase. Control sections for the hyaluronidase procedure included aorta, skin and tracheal cartilage. Neuraminidase controls included sections of large and small intestine and submaxillary salivary gland. All control tissues were from clinically normal female dogs that had no neoplasms. Table I1 summarizes the reactions we expected to see to identify, glycogen, hyaluronic acid, chondroitin-4-and chondroitin-6-sulfates and sialomucin. Further, a general identification of connective tissue and epithelial mucins is given in this table.
Tissues for electron microscopy were fixed in 2% glutaraldehyde in 0.08% cacodylate buffer (pH 7.2) for 2 hours on ice. After a brief wash in cacodylate buffer with 0.18 mol/l sucrose, the tissues were held in 2% osmium tetroxide for 1 hour, dehydrated through graded ethanols, infiltrated with propylene oxide and embedded in DER 732@ (Polysciences Inc., Warrington, Pa.). Thick sections (1 to 1.5 micrometers) were stained with Richardson's blue stain [3 11 for light microscopic examination and orientation. Thin silver sections were stained with uranyl acetate and lead citrate [38] .
Results
Acid mucopolysaccharides of various staining intensities were seen in all tumors. In some of the metastatic infiltrating ductal carcinomas, intercellular mucopolysaccharides closely associated with the neoplastic epithelium were found at both the primary site ( fig. 1 ) and in metastasis in lymph nodes, lung and brain ( fig. 2) . Fully The acid mucopolysaccharides and the similarly reacting glycoproteins stained blue with alcian blue-PAS whereas the neutral polysaccharides stained red. Connective tissue stroma included with the tumors had stainable acid mucopolysaccharides within the intercellular matrix. The most deeply stained zones, however, were found in cartilaginous areas. Difference in staining intensity suggested a transition from accumulated acid mucopolysaccharides to mature hyaline cartilage. Vacuolated areas near the basement membranes of the ducts and ductules sometimes were seen ( fig.  4 ). These vacuolated areas contained a small amount of alcian blue-positive material and were designated as precartilaginous changes. Secondly, a vacuolated intercellular matrix was often formed with the acquisition of more alcian blue-positive mucopolysaccharide as well as a fibrillar part ( fig. 5 ) and we designated this as pseudocartilaginous matrix. Many ductal cells of the gland were partially to completely obliterated ( fig. 6 ) and had the appearance of pseudocartilage. When the condensation of the matrix was completed and lacunae were well defined, the tissue was morphologically identifiable as mature cartilage ( fig. 7 ). Maturation of the hyaline cartilage progressed to the point at which mineralization occurred ( fig. 8 ). The neutral PAS-positive polysaccharides were found predominantly within the lumen of the ducts and many of the neoplastic and non-neoplastic ductal cells had features suggestive of secretory activity. Frequently the ducts were moderately to greatly distended and filled with cellular debris and periodate-reactive material. Occasionally the luminal contents stained blue to purple; this suggested a mixture of acid and neutral polysaccharides. In most areas designated pre-and pseudocartilaginous, the cells within the forming matrix had an intense PAS-positive reaction around them, as did many of the lacuna1 cells of the cartilage ( fig. 9 ).
With the alcian blue-PAS (pH 2.5), the naturally occurring polysaccharides in the tumors had histochemical characteristics that would classify them as either acid mucopolysaccharides or sialoglycoproteins. These groups seldom occurred in a purified state but rather in a mixture, and additional histochemical procedures (table  11) were required to differentiate their individual polysaccharide components.
Most of the mucopolysaccharides, especially those associated with the cartilaginous changes were alcian blue-positive at pH 2.5; weakly alcian blue-positive or negative at pH 1 .O; PAS negative (periodate unreactive); labile to hyaluronidase digestion; and stable to neuraminidase digestion (fig. 10 ). The precartilaginous mucopolysaccharide was primarily hyaluronic acid as indicated by its negative alcian blue (pH 1.0) reaction and absence of sulfates ( fig. 11 ). The more differentiated mature cartilaginous matrix stained well with alcian blue (pH 1.0) but the staining was reduced and varied after hyaluronidase digestion. The normal connective tissue stained variably blue and purple with aldehyde fuchsin-alcian blue and remained unchanged throughout alcian blue digestion procedures. The material in the ductal lumen that stained variably with alcian blue-PAS stained even more variably with subsequent histochemical procedures. All the PASpositive material in these areas was stable to diastase digestion. The alcian bluepositive material had the same histochemical properties as the pseudocartilage. In these tumors there were abundant pre-and pseudocartilaginous changes in the tissues adjacent to these ducts. The alcian blue-positive luminal material was not labile to neuraminidase digestion ( fig. 12, 13 ) and occasionally was resistant to hyaluronidase.
The material that gave the intense PAS reaction around the cells of the pre-and pseudocartilage and within the lacunae of the cartilage was labile to diastase ( fig. 14,  15 ) and was identified as glycogen. PAS activity in the tumors was eliminated by the blocking action of phenylhydrazine.
The most consistent findings with the electron microscope were numerous irregularities of basal laminae (thickenings, duplications, breaks, absences) ( fig. 16 ) and an increase in size of intercellular spaces ( fig. 17 ). Vacuolated areas, similar to those identified as positive for acid mucopolysaccharides, appeared as intercellular spaces containing sparse, finely granular, moderately to faintly electron-dense material ( fig.   18 ). Isolated cells, which often appeared pleomorphic, were difficult to identify. In more morphologically normal areas myoepithelial cells were recognized by their basal, parallel position adjacent to the basal lamina and by their numerous intracytoplasmic microfilaments ( fig. 19 ). The luminal or apical cells had characteristics typical of epithelium-microvillus border, abundant endoplasmic reticulum and secretory granules that varied in size and number ( fig. 20) . Frequently, cells intermediate in position and morphology were identified. In most instances the more apical epithelial cells had normal cell junctions whereas the intermediate and basal cells frequently were separated, lacked cell junctions and had numerous cytoplasmic projections of various lengths and widths along the plasmalemma (fig. 21 ). The adjacent stroma had a loose irregular structure with scattered clumps of mature collagen. There were relatively clear areas containing fine granular and fibrillar amorphous material as well as areas devoid of electron-dense material. The mesenchymal and fibroblastic cells were spindle-shaped with the long axis parallel to the basal lamina of the ducts or ductules. The cytoplasm of these cells contained abundant ribosomes and endoplasmic reticulum, indicative of secretory activity (fig.  22) . The blood vessels within the stroma were normal except for duplication of the basal lamina ( fig. 23 ).
Discussion
Ductal carcinomas made up the largest group and provided the greatest variety of morphological changes within a single group. Many of these changes appeared directly or indirectly to involve acid mucopolysaccharide accumulation. All ductal The frequent basal location of the early precartilaginous changes on the luminal side of the basement membrane of the ducts often has been noted in support of the myoepithelial origin of the acid mucopolysaccharides [29] . The identification of myoepithelial and epithelial cells within the expanding matrix has been offered as further proof of their involvement [24, 25, 291 . Numerous basal lamina irregularities and the lack of cell junctions and cohesiveness of the basal cells, however, provide a means of "escape" of stromal acid mucopolysaccharides, especially the more hydrophilic hyaluronic acid, across the basement membrane. The absence of natural barriers and the difference in the hydrostatic pressure between the stroma and the epithelial intercellular spaces tend to cause the fluid to accumulate in these spaces.
With an increased accumulation of acid mucopolysaccharides and expansion of the matrix, the normal ductal architecture is lost and the epithelial-myoepithelial cells become either isolated within the matrix or lost.
Many investigators of the cartilaginous changes of the mixed glandular tumors have used electron microscopic techniques [ 15, 29, 391 . Few thorough histochemical studies, especially of mammary tumors, have been reported. In an attempt to differentiate the myoepithelial cell and disclose its involvement in these tumors some investigators have advocated the use of alkaline phosphatase and adenosine triphosphatase enzymes [ 16, 23, 32, 371 . Others, however, have questioned the specificity of these methods by pointing out that activity of these enzymes may be demonstrated along the plasma membrane of any cell engaged in a transport phenomenon in relation to that membrane [8, 121. One investigator demonstrated such enzyme activity in tumor cells with obvious epithelial differentiation [ 11. In any study of mucopolysaccharides, the glycoproteins and the acid mucopolysaccharides must be differentiated. Many reliable techniques are in the standard histochemical texts [4, 281. The acid mucopolysaccharides (anionic heteroglycans) as defined in our study and in others are found only in connective tissues. Because of their limited sources, keratosulfate and heparin were not considered seriously in the mammary gland. A third, dermatan sulfate, is widespread in the skin and associated connective tissue but can be separated from the chondroitin sulfates and hyaluronic acid by its stability to hyaluronidase digestion.
Although some may occur in connective tissues, glycoproteins generally are considered epithelial mucins [4, 5, 341 . With the exception of the serum glycoproteins and blood group substances, most are products of endodermally derived tissues such as the salivary glands and the intestinal epithelium. It has been reported, however, that sialomucin, a glycoprotein, is the major constituent of luminal secretions in certain human breast tumors [17, 351.
All glycoproteins have 1:2 glycol groups which make them potentially PAS-positive and distinct from the acid mucopolysaccharides. The carboxylated sialoglycoproteins (with and without sulfates) stain positively with alcian blue at pH 2.5. No epithelial mucin, however, has been found to be labile to hyaluronidase [5, 281 . These same sialoglycoproteins have a terminal neuraminic (sialic) acid group which makes them potentially labile to neuraminidase digestion. The absence of any demonstrable neuraminidase activity in the alcian blue-positive material suggests that no carboxylated sialoglycoproteins were present ( fig. 1 ). Areas unaffected by either enzyme may indicate the presence of sulfated sialoglycoproteins.
The presence of the well defined zones of neutral polysaccharide glycogen in our study is not fully understood. The pattern of distribution in some tumors suggests a possible blockage of a transport system which causes prominent accumulations. Such accumulations, however, are not uncommon in developing cartilage [ 1 11 . It has been suggested that glycogen represents a form of energy storage and plays a role in metabolism and the secretory activity of adjacent cells.
The fibrous, osseous and bone changes in the "mixed" tumors have not received the attention given changes in cartilage. Although some osteoid and bone development is associated with the cartilage changes, most osteoid appears to arise by connective tissue metaplasia, possibly stimulated by neoplastic epithelial changes [20, 361 . Because these mesenchymal changes frequently are found in metastatic tumors, there is some question as to whether they represent neoplasia. The results of our study support a theory of a connective tissue origin and suggest this tissue is not neoplastic but rather heterotopic or heteroplastic. When metastatic tumors contain mesenchymal cells similar to those in the primary site they are always included with neoplastic epithelium. If neoplastic epithelium stimulates mesenchymal changes in the mammary gland it could do the same in metastatic sites.
Just what stimulates the production of the acid mucopolysaccharides in the tumors could not be determined nor could a specific cell of origin be identified. One theory includes production by connective tissue and proposes that neoplastic epithelial contact with the stromal cells stimulates this production of acid mucopolysaccharides. There is also good support for the "epithelial-stromal junction" theory which proposes this complex to be "a morphophysiological unit which actively participates in the genesis of mammary gland dysplasia by losing its control of the transport of materials to and from the epithelium" [26]. This theory has considerable merit when the major functions of the acid mucopolysaccharides are considered [2, 51. These functions include regulation of small molecular substances across the cell membranes which influences the metabolism of both connective tissue and epithelium. Besides serving as intercellular cements and structural parts, acid mucopolysaccharides protect tissues (such as cartilage) from mineralization.
When the "epithelial-stroma junction" theory is considered in connection with acid mucopolysaccharide production the effects of estrogenic hormones must be taken into consideration. Estrogens stimulate mucopolysaccharide synthesis in certain target organs, including the mammary glands [2, 10, 261 . The cyclic changes produced in the mammary glands of the bitch are not limited to the glandular epithelium but are reported in the connective tissue stroma as well [27] . This points to a need for a thorough histological and histochemical study on the hormonal influences on the "epithelial-stromal junction" complex in the normal cyclic changes of the bitch. Many investigators do not comprehend the extensive involutionary changes the mammary gland undergoes with termination of pregnancy and pseudocyesis in the bitch. A similar study then could be done on specific mammary tumors to evaluate the role estrogens play in their formation. Better methods also are needed to differentiate specific acid mucopolysaccharides, their specific side groups, the uronic acid components and the cellular mechanism involved in their productions.
